The transcription factor NF-kB may play an important role in the response to tissue injury and activation of cytokines. We therefore examined the regulation of NF-kB in mesangial cells. Treatment of mesangial cells with TNF-alpha increased nuclear proteins that bound to an NF-kB-specific DNA oligonucleotide. IgG aggregates also increased nuclear NF-kB demonstrating Fc-tau receptor-mediated activation of NF-kB. Treatment of a cytosolic preparation with the detergent deoxycholate also activated NF-kB. The binding characteristics were typical for NF-kB transcription factors as determined by competition experiments with NF-kB-binding wild type kB DNA oligonucleotides or mutated oligonucleotides. Furthermore, a monoclonal antibody against the p65 subunit of NF-kB prevented the binding of NF-kB to the kB oligonucleotide. To evaluate the potential role of reactive oxygen intermediates in the activation of NF-kB, we used PDTC as a scavenger and HMAP as an inhibitor of NADPH-dependent oxidase. Both PDTC and HMAP attenuated the increase in nuclear NF-kB in response to either TNF-alpha or IgG complexes. Finally, generation of superoxide anion by xanthine oxidase activated NF-kB, an effect also mitigated by PDTC. In contrast, exogenous H2O2 did not activate NF-kB. Preincubation of cells with 8 br-cAMP, forskolin, or PGE2 attenuated the increase in nuclear NF-kB in response to TNF-alpha, aggregated IgG, or superoxide anion. Our results provide support for a role of reactive oxygen intermediates as mediators for […] 
Introduction
The transcription factor NF-kB may play an important role in the response to tissue injury and activation of cytokines. We therefore examined the regulation of NF-kB in mesangial cells. Treatment of mesangial cells with TNF-a increased nuclear proteins that bound to an NF-kB-specific DNA oligonucleotide. IgG aggregates also increased nuclear NF-kB, demonstrating Fc-receptor-mediated activation of NF-kB. Treatment of a cytosolic preparation with the detergent deoxycholate also activated NF-kB. The binding characteristics were typical for NF-kB transcription factors as determined by competition experiments with NF-kBbinding wild type kB DNA oligonucleotides or mutated oligonucleotides. Furthermore, a monoclonal antibody against the p65 subunit of NF-kB prevented the binding of NF-kB to the kB oligonucleotide. To evaluate the potential role of reactive oxygen intermediates in the activation of NF-kB, we used PDTC as a scavenger and HMAP as an inhibitor of NADPH-dependent oxidase. Both PDTC and HMAP attenuated the increase in nuclear NF-kB in response to either TNF-a or IgG complexes. Finally, generation of superoxide anion by xanthine oxidase activated NF-kB, an effect also mitigated by PDTC. In contrast, exogenous H202 did not activate NF-kB. Preincubation of cells with 8 br-cAMP, forskolin, or PGE2 attenuated the increase in nuclear NF-kB in response to TNF-a, aggregated IgG, or superoxide anion. Our results provide support for a role of reactive oxygen intermediates as mediators for activation of NF-kB in MC after stimulation with TNF-a or IgG aggregates. As an unexpected novel finding we report that cAMP can inhibit activation of NF-kB in MC. These observations may (5) .
NF-kB resides in the cytoplasm of different cell types as an inactive complex of the subunits p50, p65, and an inhibitory subunit (IkB). The p50 and p65 subunits are the best characterized members of a larger protein family (NF-kB/Rel/Dorsal). Agents that lead to immune, inflammatory, or acute phase response activate the transcription factor by release of IkB with subsequent translocation of the p50-p65 heterodimer into the nucleus. IkB can also be dissociated from NF-kB in vitro by treatment with the detergent sodium deoxycholate (DOC) (6) . As activation is independent of new protein synthesis, NF-kB has been proposed to serve as an integral factor in rapidly inducing an array of genes for signaling and defense proteins (5, 7) . Cytokines, immunoglobulins, major histocompatability antigens, and their associated proteins are among those genes responsive to NF-kB activity (8) .
Phosphorylation may play an important role in the activation and metabolism of NF-kB, but the contribution of various kinases to this process remains to be defined (9) (10) (11) (12) (13) . NF-kB also appears to be influenced by reactive oxygen intermediates (ROI). ROI are commonly produced during inflammatory pro-cesses. In mesangial cells TNF-a (14) and immune complexes (15) induce the production of ROI. Furthermore, MC contain an inducible, membrane bound NADPH-dependent oxidase capable of H202 and O2 generation (16) . Oxygen radicals, in turn, have recently been implicated as activators of NF-kB and may be a common mechanism of action for the diverse agents capable of NF-kB activation (17) (18) (19) (20) .
Macrophage colony stimulating factor (CSF-1) and monocyte chemoattractant protein (MCP-1 also known as MCAF) are two monocyte-specific inducible cytokines that contain a kB site upstream from their promoters (21, 22 shift assays (EMSA) using a 26-bp, end labeled oligonucleotide recognizing NF-kB of the immunoglobulin gene (kB) as described by Zabel et al. (6) . As shown in Fig. 1 (Fig. 1 A) . There are several bands on the EMSA which most likely correspond to different NF-kB like factor subunit combinations. These NF-kB like bands could effectively be competed out with increasing concentrations of unlabeled NFkB binding DNA consensus sequence (Fig. 1 B) . In contrast, the mutated kB sequence was far less efficient (-20-fold, as determined by densitometry) in binding nuclear proteins or in displacing labeled NF-kB binding DNA sequences indicating kB-specific DNA binding of the nuclear protein extracts. Fur-thermore, an oligonucleotide corresponding to the TPA regulatory element (TRE) recognition sequence was an ineffective competitor even at 250-fold excess (Fig. 1 B) . DOC has been shown to release the heterodimer NF-kB from IkB in vitro (41) . EMSA on the cytosolic fraction of MC with or without pretreatment with DOC showed a marked increase in NF-kB binding after DOC pretreatment indicating that MC cytosol contains inactive, inducible NF-kB (Fig. 1 C) .
NF-kB-like factor binding could be progressively excluded by preincubating with increasing concentrations of NF-kB monoclonal antibody (Fig. 1 D) (36, 37) . Conversely, cAMP downregulates the expression of these genes in MC (37) . We therefore examined if TNF-a, aggregated IgG, cAMP, and cAMP mimetics such as forskolin (Fsk) or PGE2 could influence the activation and translocation of NF-kB. As shown in Fig. 2 A, NF-kB binding activity of MC nuclear extracts increased when cells had been treated with TNF-a or aggregated IgG. The F(ab')2 fragment of IgG only resulted in a minor band-shift. This may, at least in part, be due to uncleaved IgG in the F(ab')2 preparation. This is consistent with activation of NF-kB by Fc gamma receptor occupancy by IgG. The effect of TNF-a and aggregated IgG were attenuated when cells were preincubated with cAMP, forskolin or PGE2. In contrast, pretreatment of MC with these experimental agents had no effect on the binding of nuclear extracts to the TPA regulatory element (TRE, a member of the AP-1 family; Fig. 2 Activation of NF-kB also occurred after treatment with cycloheximide (CHX), indicating that NF-kB can be activated independent from de novo protein synthesis as previously reported by Sen and Baltimore (4) (Fig. 2 C) . The effect of cycloheximide has been related to the inhibitory subunit of NFkB (42) .
In vitro treatment with protein kinase A does not effect NFkB EMSA. As cAMP decreased activation of NF-kB in response to TNF-a, we examined whether this effect could be mimicked by PKA treatment of cell extracts. When nuclear or cytosolic extracts from MC pre-exposed to TNF-a were incubated with MgCl2, ±ATP or nonhydrolizable ATP gamma-S+catalytic subunit of PKA, no change in gel shift occurred (Fig. 3) . (Fig. 2 A) or labeled TRE oligonucleotide (Fig. 2 B) . Cycloheximide (CHX; 15 jsg/ysl) also activated NF-kB (Fig. 2 C Generation of superoxide activates induction of NF-kB. It has been proposed that NF-kB can be activated by reactive oxygen intermediates and that activation can be suppressed by thiol containing radical scavengers such as NAC and PDTC (17) (18) (19) (20) . We recently provided evidence that reactive oxygen species may be involved in raising mRNA levels for MCP-1 and CSF-1 (38) consistent with the hypothesis that free radicals can serve as mediators in gene activation (43) . We now examined if free radicals could also activate NF-kB in MC. As a thiol agent we used PDTC (20) . Pretreatment of MC with PDTC partially but consistently inhibited the activation of NFkB in response to either TNF-a or aggregated IgG (Fig. 4  A) . These findings are consistent with free radicals serving as intermediates in NF-kB activation.
A membrane bound NADPH-dependent oxidase system has been implicated for the generation of oxygen free radicals in stimulated MC (16, 38) . HMAP, also known as apocynin, a reported inhibitor of NADPH-dependent oxidase (44), can decrease superoxide generation by MC stimulated with either TNF-a or aggregated IgG and concurrently decrease expression of mRNA for CSF-l and MCP-1 (38) . We therefore used HMAP to see if this agent would also decrease activation of NF-kB by either TNF-a or aggregated IgG. Results with HMAP were similar to those with PDTC (Fig. 4 B) , i.e., HMAP attenuated the activation of NF-kB by TNF-a or IgG complexes. Again, EMSA using labeled TRE sequence were unaffected by TNF-a or aggregated IgG. In contrast to the attenuation of the NF-kB binding in the gel shifts after pretreatment in the presence of PDTC, PDTC enhances the EMSA for TRE (results not shown). Enhancement of AP-1 binding by PDTC has recently been described (45) .
To examine whether generation of°2 was also capable of activating NF-kB, we used generation of exogenous°2 by the addition of xanthine oxidase and hypoxanthine ( 14) to the incubation media. Heat inactivated xanthine oxidase (by boiling the enzyme for 3 min; iXO) served as control. As shown in Fig. 5 A, generation of°2-activated NF-kB in MC, whereas treatment with heat inactivated XO had no effect. Furthermore the radical scavenger PDTC, as well as 8br-cAMP, also attenuated the activation of NF-kB by 0°-. In contrast, H202 demonstrated no discernible effect on NF-kB in the EMSA (Fig. 5 B) . These results are in accord with our earlier studies where generation of°2, but not H202, stimulated mRNA levels of CSF-1 and MCP-1 (38) .
Discussion
Our present results demonstrate a parallelism between the activation and attenuation of NF-kB activity in MC and our previous results for expression of mRNA for CSF-1 and MCP-1. Enhanced kB binding activity is produced in response to treatment with TNF-a, aggregated IgG as well as by generation of°2 by the xanthine oxidase-hypoxanthine system. This kB binding activity appears indistinguishable from native NF-kB in that: (a) binding could be effectively competed out only with unlabeled NF-kB consensus sequence, but not with mutated kB sequence or the TRE consensus sequence ( Fig. 1 B) ; (b) dissociation of cytosolic fractions of MC by DOC can release NF-kB from its cryptic form (Fig. 1 C) , (41); (c) NF-kB-like binding activity can be induced in EMSA by pretreatment with CHX ( Fig. 2 C) , (46); (d) kB binding activity is excluded when monoclonal antibodies to p65 subunits are added prior to the binding reaction (Fig. 1 D) .
NF-kB has been implicated as a signal for cell distress in response to many adverse conditions, in which it can rapidly activate expression of inflammatory, immune, and acute phase response genes (5, 7) . Two such genes that contain kB sequences upstream from their promoters and may fall under the regulation of NF-kB include the monocyte specific cytokines CSF-1 and MCP-1 (21, 22) . MCP-1 and CSF-1 have been implicated in instituting and maintaining influx, proliferation, activation, and survival of monocyte-macrophages in immune-mediated diseases such as glomerulonephritis (36) (37) (38) 47) . We recently demonstrated that transcription, as well as levels of mRNA and protein for CSF-1 and MCP-1 are increased by TNF-a or aggregated IgG and attenuated by cAMP or cAMP mimetics such as forskolin or PGE2 (37). Our previous results thus correlate with the increased kB binding activity of MC stimulated by TNF-a or aggregated IgG and the diminished gel shift after cAMP pretreatment demonstrated in our present study (Fig. 2 A) .
In vitro highly purified NF-kB can be activated by phosphorylation, presumably at the IkB subunit, by cyclic AMP-dependent protein kinase (PKA) or protein kinase C (PKC) (9) . Attempts were less successful with crude cytosolic extracts (9) , with the exception of a study by Shirakawa and Mizel (48) . Using 70Z/3 murine pre-B cells and a human natural killerlike cell line YT, these authors were able to demonstrate activation of NF-kB catalyzed by PKA or PKC phosphorylation. In our studies treatment of cytosolic or nuclear preparations with PKA neither activated nor inactivated NF-kB in MC (Fig. 3) . Similar findings have been reported in the T cell lymphoma Jurkat cell line (10) , or the monocyte cell line HL-60 (29) . PKA, unlike PKC, was also unable to phosphorylate highly purified IkB in vitro (9) . Surprisingly, pretreatment of cells kB. Cyclic AMP could interfere with activation of NF-kB by TNF-a or IgG at multiple steps, e.g., (a) with signals leading to NF-kB activation; (b) with NF-kB activation itself; (c) with transfer of NF-kB to the nucleus; or (d) with NF-kB binding to its DNA-recognition site. The fact that cAMP also decreased activation of NF-kB in response to superoxide anion would indicate that cAMP can interfere with steps downstream of 02 generation. Our experiments using PKA catalytic subunit in broken cell preparations only indicate that in vitro treatment of cytosolic or nuclear fractions have no influence on NF-kB dissociation, or binding to the NF-kB specific oligonucleotide. Future experiments will have to examine the mechanism for the negative regulation-of NF-kB by cAMP. All agents examined induced the release of reactive oxygen intermediates (ROI). These intermediates have been implicated as second messengers in the induction of NF-kB (17) (18) (19) (20) . The ROI could be generated by NADPH oxidase, a membrane bound enzyme (49) found, in addition to phagocytic cell lines, in cells of mesenchymal origin, including MC (16, 38) . This study shows that scavengers of ROI, such as PDTC, can attenuate activation of NF-kB in MC. HMAP, an inhibitor of ROI generation by NADPH-dependent oxidase (38, 44) also reduces activation of NF-kB, arguing in favor of ROI playing a role in NFkB activation. Generation of superoxide anion, but not H202, activates NF-kB providing an additional argument in favor of ROI as second messengers.
We find it intriguing to speculate on the correlation between regulation of mRNA levels for example, MCP-I and CSF-I in MC and activation of NF-kB. Thus cAMP decreases mRNA levels and EMSA for NF-kB in MC stimulated with TNF-a or IgG. Scavengers of free radicals or inhibition of their formation by HMAP also shows concordant effects on mRNA levels and NF-kB gel shifts. Generation of superoxide anion activates NFkB and increases mRNA levels for MCP-1 and CSF-1. While this correlation is highly intriguing it does not establish causality, which will require future experiments using reporter gene assays.
Overall our results support the proposed role for ROI in NF- 
